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2. AREA OF REVIEW AND CORRECTIVE ACTION PLAN
40 CFR 146.84(b)

LA CCS STORAGE PROJECT

Facility name: DTM Storage Site (DTMSS)
Facility Operator: DT Midstream Holdings, LLC. (DTM)































































































































































































The state of Louisiana does not have any additional requirements






Please see Section 2.3 in the AoR and Corrective Action Plan Uploaded to the CBI folder for information
and maps of the delineated AoR.






Class VI UIC Area of Review and Corrective Action
This submission is for:

Project ID: R06-LA-0019

Project Name: LA CCS

Current Project Phase:  Pre-Injection Prior to Construction

Overview

Simulator Used for AoR delineation modeling: GEM

Version Used: 202021

Simulator Description/Documentation: https://gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AoRModeling-11-
22-2022-1348/Introduction--to--GEM. pdf

Description of File Contents: The description of the GEM simulator from CMG.

Total Simulation Time From Start of Injection: 40907 days

Additional AoR Delineation Information: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AoRModeling-
11-22-2022-1348/Additional--AoR--Delineation--Information.pdf

Description of Information Submitted: The state of Louisiana does not have any additional requirements

Model Domain
Coordinate System: Geographic (Lat-Long)
Horizontal Datum: NAD27
Vertical Datum: Mean Sea Level
Describe Vertical Datum: Mean Sea Level
Mesh Type: Hexahedral Cartesian
Domain Size in Global Units Specified Above
Hexahedral Cartesian
Domain Coordinates File: https:/gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AcRModeling-11-22-2022-
1348/DTM_AoRModeling_DomainCoordTemplate_11.10.2022 Redacted.xlsx
Angle of Inclination in X Direction: 0 Dips in the Direction of: increasing x
Angle of Inclination in Y Direction: 0 Dips in the Direction of: increasing y
Grid Size
Number of Nodesin x:0 y:0 z:0
Grid Spacing: Variable
Grid File Format: ASCII file containing vertices and elements
Grid File Description: https://gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AoRModeling-11-22-2022-

1348/Grid--File--Description--Note.pdf
Grid Data File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AoRModeling-11-22-2022-1348/Grid--

file--note.pdf
Faults Modeled: No

Caprock Modeled: Yes
Image File(s) for Model Domain Grid: https://gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AoRModeling-11-
22-2022-1348/Image--File--for--model--domain.pdf

Model Domain Comments: Please see AoR and Corrective Action Plan, Section 2.1.3.1. uploaded to the CBI folder for more information on the model domain

Processes Modeled by Simulator
Reservoir Conditions:
Supercritical CO2 Conditions
Phases Modeled:
Aqueous Supercritical CO2
Aqueous Phase:
Phase Compressibility: Compressible
Compressibility Value: 0 1/Pa

Phase Composition: Compositional



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Introduction--to--GEM.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Introduction--to--GEM.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Additional--AoR--Delineation--Information.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Additional--AoR--Delineation--Information.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/DTM_AoRModeling_DomainCoordTemplate_11.10.2022_Redacted.xlsx

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/DTM_AoRModeling_DomainCoordTemplate_11.10.2022_Redacted.xlsx

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Grid--File--Description--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Grid--File--Description--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Grid--file--note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Grid--file--note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Image--File--for--model--domain.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Image--File--for--model--domain.pdf



Aqueous Phase Components:
CO2 Water
Supercritical CO2 Phase:
Phase Compressibility: Compressible
Phase Composition: Compositional
Supercritical CO2 Phase Components:
co2
Equation of State Description Including Reference: Peng, D.Y. and Robinson, D.B., "A New Two-Constant Equation of State", Ind. Eng. Chem. Fundamen., Vol. 15, (1976), pp.
59-64. The development of a new two-constant equation of state in which the attractive pressure term of the semiempirical van der Waals equation has been modified is
outlined. Examples of the use of the equation for predicting the vapor pressure and volumetric behavior of single-component systems, and the phase behavior and volumetric
behavior of binary, ternary, and multicomponent systems are given. The proposed equation combines simplicity and accuracy. It performs as well as or better than the Soave-
Redlich-Kwong equation in all cases tested and shows its greatest advantages in the prediction of liquid phase densities.
File with EOS Reference or Documentation: https://gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-
PreConstruction/AoRModeling-11-22-2022-1348/PR-2--Param.pdf

Multifluid Flow Processes:
Advection Dispersion Diffusion Buoyancy
Non-wetting Fluid Trapping Mixed Wettability Pore Compressibility
Thermal Conditions: Isothermal
Heat Transport Processes:
Geochemistry Modeled: No
Geomechanical/Structural Deformations Modeled: No

Modeled Processes Comments: Please see AoR and Corrective Action Plan Section 2.1.1. uploaded to the CBI folder for more information on the modeled processes.

Rock Properties and Constitutive Relationships
Porosity/Permeability Model
Single Porosity
Porosity Distribution: Heterogeneous
Spatially Variable Porosity File: https://gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AoRModeling-11-22-

2022-1348/Porosity--file--note.pdf
File Describing how Porosity was Determined and Assigned to Numerical Model: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-

0019/Phasel-PreConstruction/AocRModeling-11-22-2022-1348/Description--of--por--assignment.pdf

Image Files for Porosity Distributions: https://gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-
PreConstruction/AocRModeling-11-22-2022-1348/Image--File--of--Porosity--Distributions--Note. pdf

Permeability Distribution: Heterogeneous
Spatially Variable Permeability File: https://gsdt.pnnl.qgov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AoRModeling-

11-22-2022-1348/Perm--File--Note.pdf mD
File Describing how Permeability was Determined and Assigned to Numerical Model: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-

Image Files for Permeability Distributions: https://gsdt.pnnl.qgov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-
PreConstruction/AocRModeling-11-22-2022-1348/Image--File--of--Perm--Distributions--Note.pdf

Number of Rock Types Modeled: 2

Description of Rock Type Selection and Assignment: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-

PreConstruction/AcRModeling-11-22-2022-1348/Description--of--Rock--Type--Selection--and--Assignment--Note. pdf

Rock Type Distribution Data File: https://gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AoRModeling-

11-22-2022-1348/Rock--Type--Distribution--Assignment--Note.pdf

Image Files for Rock Type Distribution: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-
PreConstruction/AocRModeling-11-22-2022-1348/Image--File--for--Rock--Type--Distribution--Assignment--Note. pdf

Rock Type #1
Rock Compressibility: Bulk
Rock Compressibility Distribution: Single Value
Compressibility Value: 0 1/psi
Constitutive Relationships

Aqueous Saturation vs. Capillary Pressure: Table



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/PR-2--Param.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/PR-2--Param.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Porosity--file--note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Porosity--file--note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Description--of--por--assignment.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Description--of--por--assignment.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Image--File--of--Porosity--Distributions--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Image--File--of--Porosity--Distributions--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Perm--File--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Perm--File--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Description--of--perm--assignment.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Description--of--perm--assignment.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Image--File--of--Perm--Distributions--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Image--File--of--Perm--Distributions--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Description--of--Rock--Type--Selection--and--Assignment--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Description--of--Rock--Type--Selection--and--Assignment--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Rock--Type--Distribution--Assignment--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Rock--Type--Distribution--Assignment--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Image--File--for--Rock--Type--Distribution--Assignment--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Image--File--for--Rock--Type--Distribution--Assignment--Note.pdf



Tabular Format File for Aqueous Saturation vs Capillary Pressure: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-
0019/Phasel-PreConstruction/AocRModeling-11-22-2022-1348/RT1--Capillary--Pressure--Note.pdf
Aqueous Trapped Gas Modeled: Yes
Hysteresis other than non-wetting fluid trapping: Yes
File Providing Both Drainage and Imbibition Curves: https:/gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-

PreConstruction/AocRModeling-11-22-2022-1348/RT1--Drainage--and--Imbibition--Curve--Note.pdf

Aqueous Relative Permeability: Table

Tabular Format File for Aqueous Relative Permeability: https://gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-

PreConstruction/AocRModeling-11-22-2022-1348/RT1--Rel--Perm--Table--Note.pdf

Hysteresis other than non-wetting fluid trapping: No
Gas Relative Permeability: Table

Tabular Format File for Gas Relative Permeability: https://gsdt.pnnl.qov/alfrescol/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-

PreConstruction/AocRModeling-11-22-2022-1348/RT1--GAS--Rel--Perm--Table--Note.pdf

Hysteresis other than non-wetting fluid trapping: No
Porosity and Permeability Reduction Due to Salt Precipitation
Rock Type #2
Rock Compressibility: Bulk
Rock Compressibility Distribution: Single Value
Compressibility Value: 0 1/psi
Constitutive Relationships
Aqueous Saturation vs. Capillary Pressure: Table
Tabular Format File for Aqueous Saturation vs Capillary Pressure: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-
0019/Phasel-PreConstruction/AocRModeling-11-22-2022-1348/RT2--Capillary--Pressure--Note.pdf
Aqueous Trapped Gas Modeled: Yes
Hysteresis other than non-wetting fluid trapping: Yes
File Providing Both Drainage and Imbibition Curves: https:/gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-

PreConstruction/AocRModeling-11-22-2022-1348/RT2--Drainage--and--Imbibition--Curve--Note.pdf

Aqueous Relative Permeability: Table

Tabular Format File for Aqueous Relative Permeability: https://gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-

PreConstruction/AocRModeling-11-22-2022-1348/RT2--Rel--Perm--Table--Note.pdf

Hysteresis other than non-wetting fluid trapping: No
Gas Relative Permeability: Table

Tabular Format File for Gas Relative Permeability: https://gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-

PreConstruction/AocRModeling-11-22-2022-1348/RT2--GAS--Rel--Perm--Table--Note.pdf

Hysteresis other than non-wetting fluid trapping: No
Porosity and Permeability Reduction Due to Salt Precipitation

Rock Properties Comments: For more information on Rock Properties please see AoR and Corrective Action Plan Section 2.1.4. uploaded to the CBI folder.

Boundary Conditions

Attach Boundary Conditions Description File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-

PreConstruction/AcRModeling-11-22-2022-1348/Boundary--conditions--note.pdf

Initial Conditions
Initial Phases in Domain:  Aqueous
Initial Aqueous Pressure: Varying with Depth, Temperature, and Salinity
Initial Aqueous Pressure: 0 psi  at Reference Elevation: O ft
Initial Temperature: Varying with Depth

Initial Temperature: 0 F at Reference Elevation: O ft Gradient: 0 deg F/ft
Initial Salinity: Spatially Constant

Initial Salinity: 0 ppm

Initial Condition Comments: Please see Section 2.1.7. of the AoR and Corrective Action Plan uploaded to the CBI folder for more information.

Operational Information



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT1--Capillary--Pressure--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT1--Capillary--Pressure--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT1--Drainage--and--Imbibition--Curve--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT1--Drainage--and--Imbibition--Curve--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT1--Rel--Perm--Table--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT1--Rel--Perm--Table--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT1--GAS--Rel--Perm--Table--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT1--GAS--Rel--Perm--Table--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT2--Capillary--Pressure--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT2--Capillary--Pressure--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT2--Drainage--and--Imbibition--Curve--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT2--Drainage--and--Imbibition--Curve--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT2--Rel--Perm--Table--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT2--Rel--Perm--Table--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT2--GAS--Rel--Perm--Table--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/RT2--GAS--Rel--Perm--Table--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Boundary--conditions--note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Boundary--conditions--note.pdf



Number of Injection Wells: 1
Injection Well #1

Well Direction: Vertical
Location: X: 0 Longitude (DD) Y: O Latitude (DD)

Wellbore Diameter: Constant

Wellbore Diameter: 0 in

Well Screen Interval Provided as: Single Interval
Elevation of Top of Screened Interval: 0 Elevation of Bottom of Screened Interval: O ft

Mass Rate of Injection: 0 MMT/yr

Total Mass of Injection: 0 MMT

Fracture Gradient: 0 psi/ft

Maximum Injection Pressure: 0 psi  Elevation Corresponding to Pressure: O ft

Description of How Fracture Gradient and Maximum Injection Pressure were Determined File:

Composition of Injectate: Pure CO2
Injection Schedule Provided as: Single Injection Period
Injection Start Date: 01/01/2026 Stop Date: XX/XX/XXXX
Number of Production/Withdrawal Wells: 0

Operational Information Comments: Please see section 2.1.8. in the AoR and Corrective Action Plan Uploaded to the CBI folder.

Model Output/Results

Provide file name and corresponding spatial location for each file: Please see Section 2.2 in the AoR and Corrective Action Plan uploaded to the CBI folder for time-series
data at the monitoring well location.

Time-Series File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AoRModeling-11-22-2022-
1348/Time-series--Data--Note.pdf

Provide file name and corresponding variable and time stamp for each file: Please see Section 2.2 in the AoR and Corrective Action Plan uploaded to the CBI folder for
snapshot data.

Snapshot File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AoRModeling-11-22-2022-
1348/Snapshot--Data--Note.pdf

Provide file name and corresponding description of surface for each file: Please see Section 2.2 in the AoR and Corrective Action Plan uploaded to the CBI folder for flux
data.

Surface Flux File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AoRModeling-11-22-2022-
1348/Flux--Data--Note.pdf

Model Output Comments: Please see Section 2.2 in the AoR and Corrective Action Plan uploaded to the CBI folder for more information on the Model Outputs

AoOR Pressure Front Delineation
Lowermost USDW:
Name of Lowermost USDW: XXX
Water Density: 0 kg/m”3 at Elevation: O ft
Location of Measurement for Density: Calculated
Temperature: 0 F at Elevation: O ft
Location of Measurement: Calculated
Pressure: 0 psi  at Elevation: O ft
Location of Measurement: Calculated
Salinity: 0 ppm at Elevation: O ft
Location of Measurement: Calculated
Elevation of bottom of USDW: O ft
Injection Zone:
Name of Injection Zone: XXX
Water Density: 0 kg/m”3 at Elevation: O ft
Location of Measurement: Calculated

Temperature: 0 F at Elevation: O ft



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Fracture--Pressure--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Fracture--Pressure--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Time-series--Data--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Time-series--Data--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Snapshot--Data--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Snapshot--Data--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Flux--Data--Note.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phase1-PreConstruction/AoRModeling-11-22-2022-1348/Flux--Data--Note.pdf



Location of Measurement: Calculated
Pressure: 0 psi  at Elevation: O ft
Location of Measurement: Calculated
Salinity: 0 ppm at Elevation: O ft
Location of Measurement: Calculated
Elevation of top of Injection Zone: 0 ft
Method of Estimating Critical Pressure: Static Mass Balance
Assumptions: calculated using Birkholzer et al (2011)
File Describing Critical Pressure Estimation: https://gsdt.pnnl.qov/alfrescol/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-
PreConstruction/AoRModeling-11-22-2022-1348/Birkholzer_Brine_Flow_AoR_determination.pdf
Estimated Critical Pressure: 0 psi
Delineated AoR:
Shapefile or KML File Showing Delineated AoR: https://asdt.pnnl.qov/alfrescol/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-
PreConstruction/AoRModeling-11-22-2022-1348/AoR--Shapefile--Note.pdf
AoR Pressure Front Delineation Comments: Please see Section 2.3 in the AoR and Corrective Action Plan uploaded to the CBI folder for more information on AoR pressure

front delineation.

Corrective Action

File with Location of All Penetrations within AoR: https://gsdt.pnnl.qgov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-
PreConstruction/AocRModeling-11-22-2022-1348/Wells--in--AoR--note.pdf

File with Location of Wells Requiring Corrective Action: https://gsdt.pnnl.qov/alfrescol/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-
PreConstruction/AoRModeling-11-22-2022-1348/Corrective--Action--Wells--in--AoR--note.pdf

Supporting Documentation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-PreConstruction/AoRModeling-11-22-
2022-1348/Well--Records--Note.pdf

Corrective Action Comments: Please see corresponding documents uploaded to the CBI folder for more information on wells requiring corrective action.

Area of Review and Corrective Action Plan [40 CFR 146.82(a)(13) and 146.84(b) or applicable state
requirements]
Are you making an Area of Review and Corrective Action Plan submission at this time?: Yes
Reason for Project Plan Submission: Permit application submission
Project Plan Upload

Attach the Area of Review and Corrective Action Plan: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0019/Phasel-
PreConstruction/AocRModeling-11-22-2022-1348/2 LACCS_AoR--and--Corrective--Action--Plan_Redacted.pdf

Appendices and Supporting Materials Upload
Attach Any Supporting Documentation for the AoR and Corrective Action Plan: https://gsdt.pnnl.qov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-

0019/Phasel-PreConstruction/AoRModeling-11-22-2022-1348/LACCS _Tabulation--of--Wells--in--AOR_InjWells_Redacted.pdf

Area of Review Reevaluation [40 CFR 146.84(e) or applicable state requirements]
Minimum fixed frequency of AoR reevaluation: 5 Years
Are you making an Area of Review reevaluation submission at this time?: No

Reevaluation Background

Reevaluation Materials

Please upload your amended AoR and Corrective Action Plan on the previous tab.

Complete Submission
Authorized submission made by: Katherine Panczak

For confirmation a read-only copy of your submission will be emailed to:  katherine.panczak@dtmidstream.com
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Abstract

Industrial-scale storage of CO, in saline sedimentary basins will cause zones of elevated
pressure, larger than the CO; plume itself. If permeable conduits (e.g., leaking wells)
exist between the injection reservoir and overlying shallow aquifers, brine could be
pushed upwards along these conduits and mix with groundwater resources. This paper
discusses the potential for such brine leakage to occur in temperature- and salinity-
stratified systems. Using static mass-balance calculations as well as dynamic well flow
simulations, we evaluate the minimum reservoir pressure that would generate continuous
migration of brine up a leaking wellbore into a freshwater aquifer. Since the brine
invading the well is denser than the initial fluid in the wellbore, continuous flow only
occurs if the pressure perturbation in the reservoir is large enough to overcome the
increased fluid column weight after full invasion of brine into the well. If the threshold
pressure is exceeded, brine flow rates are dependent on various hydraulic (and other)
properties, in particular the effective permeability of the wellbore and the magnitude of
pressure increase. If brine flow occurs outside of the well casing, e.g., in a permeable
fracture zone between the well cement and the formation, the fluid/solute transfer
between the migrating fluid and the surrounding rock units can strongly retard brine flow.
At the same time, the threshold pressure for continuous flow to occur decreases compared
to a case with no fluid/solute transfer.

Keywords: brine leakage, pressure increase, Area of Review
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1. Introduction

Geologic carbon sequestration (GCS) has drawn increasing consideration as a promising
method to mitigate the adverse impacts of climate change. Subsurface reservoirs being
considered for storage of CO; include saline formation, oil and gas reservoirs, and
unmineable coal seams (Baines and Worden, 2004; IPCC, 2005). By far the greatest
storage capacity is in saline formations (Dooley et al., 2004), and our discussion will
focus primarily on CO, storage in these. Most issues for safety and security of CO,
storage arise from the fact that, at typical temperature and pressure conditions
encountered in terrestrial crust, CO; is less dense than aqueous fluids. Accordingly, CO,
will experience an upward buoyancy force in most subsurface environments, and will
tend to migrate upwards whenever permeable pathways are available (Bachu, 2008;

Pruess, 2008a, b; Tsang et al., 2008).

Another potential hazard is that of widespread fluid pressure increase arising from the
injection process. Because of the large volumes of CO, that need to be sequestered for
industrial-scale GCS, the zone of elevated pressure during and after injection can extend
many kilometers from the injection site, much farther than the CO, plume itself (e.g.,
Birkholzer et al., 200). If permeable conduits exist in this zone of elevated pressure,
formation brines could be pushed upwards along these conduits and intrude into
overlying groundwater resources (e.g., Nordbotten et al., 2004). Recent simulation
studies have demonstrated the potentially large scale of pressure perturbation considering
hypothetical future CO; injection scenarios, for simple idealized conditions (e.g., Zhou et

al., 2008; Birkholzer et al., 2009) as well as for more complex situations based on real





groundwater basins (e.g., Nicot, 2008; Yamamoto et al., 2009; Birkholzer and Zhou,

2009; Zhou et al., 2010).

While the regulatory environment for geologic carbon sequestration projects is still
evolving, it is clear that one aspect of permitting needs to be the protection of valuable
groundwater resources. Because groundwater quality can be affected by intrusion of CO,
(aquifer acidification and possibly mobilization of trace elements) as well as brine
(mixing with saline water and co-migrating contaminants) (e.g., Apps et al., 2010;
Kharaka et al., 2010), the permitting requirements may include some assessment of the
potential for CO, leakage as well as some assessment of large-scale pressure buildup and
associated potential for brine migration. The United States Environmental Protection
Agency (USEPA) has recently developed a draft regulation for geologic carbon
sequestration under the Safe Drinking Water Act (SDWA), its main focus being the
protection of underground sources of drinking water (USDW) from injection-related
activities (USEPA, 2008). The proposed rule requires that an Area of Review be defined
in which all artificial penetrations that may act as conduits for fluid movement between
the injection formation and overlying USDWs (such as improperly abandoned wells)
must be identified and, if necessary, corrective action must be taken (e.g., re-plugging of

wells, remedial cementing).

The question remains, however, how the size of an Area of Review should be determined
in practice. While there is a general consensus that the region of maximum future CO,

plume extent needs to be well characterized (e.g., NETL, 2010), it is not clear at present





how to handle the much larger region of pressure impact. Can the size of an Area of
Review be determined based on a threshold value of pressure buildup and, if so, how
should this value be calculated? One possible approach discussed in the United States is
based on the existing framework of USEPA’s Underground Injection Control (UIC)
program, which regulates injection of hazardous and non-hazardous fluids, injection
related to oil and gas production, injection related to solution mining operations, and
some other types of injection operations. In the UIC program, the Area of Review is
either assigned a fixed radius or it is (conservatively) computed as the region where the
reservoir pressure increase experienced at any time would be able to lift saline formation
water through a potentially existing unplugged well into an overlying freshwater aquifer

(USEPA, 2002; Nicot et al., 2008).

Estimates of brine leakage rates as a function of reservoir pressure buildup have been
presented by several researchers, for well leakage scenarios involving various degrees of
complexity including multiple well and/or multiple aquifer/aquitard systems (e.g.,
Nordbotten et al., 2004). These are often based on the assumption that brine leakage is
independent of salinity variation along the leakage pathway. In salinity-stratified systems,
however, a pressure increase in the injection reservoir may not necessarily generate
continuous leakage up an unplugged well. As pointed out by Nicot et al. (2008),
sustained brine migration may only occur if the actual pressure perturbation exceeds a
critical minimum value such that the increased fluid column weight after full invasion of
brine into the well can be overcome. Otherwise, brine migration would stop before

reaching the freshwater aquifer, and the system would simply attain a new static





equilibrium. Thus, this critical minimum value, mostly determined by the vertical
distance and the initial versus the final density profile in the well, may define a threshold
pressure useful for Area-of-Review determination. The Area of Review around a storage
project would be defined as the area within which the predicted pressure change from
injection exceeds the threshold value at any time during or after injection. Nicot et al.
(2008) presented a method for calculating this threshold pressure, based on a static mass-
balance evaluation of the weight of brine column in the well after full invasion of brine

up to the bottom of the freshwater aquifer.

The current paper addresses the same objective of calculating the threshold pressure for
sustained brine migration. In addition static mass-balance calculations following Nicot’s
approach, we employ a non-isothermal flow simulator to model dynamic brine flow in a
vertical wellbore surrounded by an idealized layered sequence of formations. The
advantage of this approach is that the non-isothermal system dynamics can be considered
and that various limiting assumptions inherent in the static calculations can be relaxed.
We then compare results from static and dynamic calculations for a range of scenarios
and determine whether a static solution is adequate or not. We also utilize the dynamic
model to calculate wellbore flow rates and related sensitivities, which cannot be done
with a simple static evaluation. The basic setup of the dynamic model for upward brine

displacement is similar to a study recently conducted by Oldenburg and Rinaldi (2010).

Figure 1 illustrates the conceptual model of wellbore brine migration utilized for the

comparison of static (Section 2) and dynamic solutions (Section 3). An leaking wellbore





connects a deep CO; storage reservoir with an overlying freshwater aquifer, with the well
being screened in the storage reservoir and open to the aquifer (i.e., the most conservative
scenario of a direct hydraulic connection between the storage reservoir and the aquifer).
As a result of pressure perturbations from CO; injection, reservoir brine may enter the
wellbore, migrate upward, and then invade the shallow aquifer. Brine flow occurs up the
well casing, which is assumed impermeable; thus there is no transfer of fluid and solute
between the wellbore and the intervening shale formation. (The same conceptual model
would represent the end member case of a borehole without casing embedded in
impermeable shale.) For comparison, an alternative scenario is considered in Section 4
(see Figure 8), where brine migrates through a fracture zone outside the well casing. In
this scenario, the migrating brine exchanges fluid/solute with the adjacent shale layer,

albeit at a small rate.





Figure 1: Schematic showing upward brine migration inside an unplugged wellbore
caused by pressurization from CO, injection





2. Static Evaluation of Wellbore Brine Migration

Nicot et al. (2008) presented a static calculation method to determine the critical
minimum value of pressure increase sufficient to lift denser brine up an open wellbore to
the base of a freshwater aquifer. Below, we briefly review this method and apply the
approach, after slight modification, to an example case. The same example case is then
considered using a dynamic model as described in Section 3, and differences between

static and dynamic evaluations are discussed.

2.1 Static Calculation Method

An increase in pressure in the injection formation will lead to the migration of brine into
and up the wellbore. However, if the brine is denser than the well fluid it displaces and
the pressure increase is below a critical minimum value, upward migration stops before
formation brine reaches the bottom of the shallow aquifer. We can calculate the pressure
change in the injection formation required to lift denser brine in the wellbore from the top
of the injection formation up to the bottom of the shallow aquifer (i.e., the distance Dy
shown in Figure 1). Sustained flow of brine up the well will occur if the actual pressure
change in response to CO, injection increases to a level larger than this threshold value.
Assuming that the initial fluid pressures Pg at the top of the injection reservoir and Py at

the bottom of the shallow aquifer (both of which are measured near the wellbore) are

known, the threshold pressure AP, is given by:
Dg
APy = JPB(Z)gdZ +Ry—F (3.1)
0





where pg(2)is brine density at depth z (a function of salinity as well as temperature and

pressure). The integral in Equation (3.1), which can be easily solved numerically,
represents the hydrostatic pressure of the brine column in the well after the injection brine
has moved up to the bottom of the shallow aquifer. We use the equation-of-state
correlations implemented into the multi-phase multi-component software TOUGH2
(Pruess et al., 1999) to calculate density of brine as a function of salinity, temperature,

and pressure.

The static calculation assumes that the wellbore casing is impermeable between z = 0 and
z = Dg; i.e., there is no exchange of fluids or salts between the wellbore and the
intervening formations. As a result, at and above the pressure threshold, the brine that has
invaded the wellbore has uniform salinity equal to the salinity of the injection reservoir.
Following Nicot et al. (2008), we consider two bounding cases for critical pressure
analysis. The first case, referred to as the equilibrium case, assumes that the invading
fluid instantaneously equilibrates with its surroundings, i.e., to an approximately linear
pressure profile defined by Py at the top and P, + AP, at the bottom, and to a
temperature profile defined by the initial temperature distribution in the formation. In this
case, the density of the brine in the wellbore varies slightly as a function of depth. (Note
that we perform an approximate calculation of depth-dependent density variation, taking
into account the initial pressure and temperature variation, while neglecting the

comparably small pressure increase AP, .) The second case, referred to as the uniform-

density case, assumes uniform brine density in the wellbore equal to the density in the

injection reservoir pg(z) = pg(Z =0). This simplification may be considered adequate





because the temperature and pressure variation encountered by the migrating fluid has
opposite effects on density; the temperature drop from deep to shallow depths will tend to
increase brine density, while the pressure drop will tend to decrease brine density, the net

effect of both being rather small.

Note that Equation (3.1) is formulated taking into account that the system may not be at
hydrostatic equilibrium initially. In the case where Pg and Py represent hydrostatic
equilibrium, the resulting threshold pressure from Equation (3.1) comprises only the
contribution caused by the wellbore being filled with invading brine that is denser than
the initial fluid. If the injection formation is initially below hydrostatic, then a larger
pressure increase can be sustained. If the injection formation is initially over pressured,
the resulting critical pressure threshold value will be smaller than the one calculated for

hydrostatic conditions.

2.2  Example Application

To illustrate the static calculation and its results, we consider the hypothetical example
problem of a wellbore connecting the bottom of a shallow freshwater aquifer with the top
of a deep injection reservoir assuming a vertical separation distance Dg = 1,400 m. Since
the well fluids are in direct hydraulic contact with the freshwater aquifer and the saline
reservoir, the initial salinity in the well varies linearly with depth. Two different salinity
cases are considered: one with a brine reservoir salinity of 48,000 mg/L (low-salinity
case) and another one with a brine reservoir salinity of 128,000 mg/L (high-salinity case)

(both salinity values are given at the top of the brine reservoir). For comparison with the
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dynamic model in Section 4, the initial salinity value at the bottom of the freshwater
aquifer is calculated from linear interpolation between the reservoir salinity and an
assumed zero salinity at the top of the freshwater aquifer, which has a saturated-zone
thickness of 100 m in this example (i.e., the distance Dy in Figure 1). This gives salinity
values of 3,200 mg/L and 8,533 mg/L at the bottom of the freshwater aquifer,
respectively, for the two reservoir salinity cases. The initial pressure is 1 MPa (10 bar) at
the bottom of the freshwater aquifer and 15.28 MPa (152.8 bar) at the top of the brine
reservoir. Both values represent hydrostatic conditions; i.e., the calculated threshold
pressure is only related to the density increase after brine intrusion into the wellbore, not
to initial pressure non-equilibrium. The initial temperature varies linearly with a
geothermal gradient of 30°C/km, from 18°C at the bottom of the freshwater aquifer to

60°C at the top of the brine reservoir.

Figure 2 shows the density profiles in the wellbore before and after intrusion of brine.
The brine density in the injection reservoir is 1022 kg/m’ and 1078 kg/m’ for the low-
and the high-salinity cases, respectively. Initially, the density in the wellbore decreases
from deep to shallow, primarily caused by the reduction in salinity. The density profile
changes after the initial wellbore fluid has been displaced by reservoir brine with uniform
salinity of 48,000 mg/L and 128,000 mg/L, respectively, for the two salinity cases. As
mentioned before, two alternative methods are employed for calculating the density
profile after brine invasion. The uniform-density calculation assumes that the brine
density within the wellbore is equal to the reservoir brine density. The equilibrium

calculation considers density variation with depth assuming that the pressure and
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temperature of the invading brine varies linearly between the freshwater aquifer and the

brine reservoir.

As shown in Figure 2, the equilibrium calculation features increasing brine density from
deep to shallow depths, ranging from 1022 kg/m’ at the bottom up to 1031 kg/m” at the
top of the wellbore for the low-salinity case and, respectively, from 1078 kg/m’ to 1087
kg/m’ for the high-salinity case. This increase is due to the fact that the thermally-
induced volume reduction of water caused by temperature decrease has a larger effect
than the compressibility-induced water expansion caused by pressure decrease. To
compare these opposing effects, we present density values varying temperature and
pressure separately, here for the low-salinity case. For example, if only the temperature of
the brine would vary within the wellbore (from 60°C at the bottom to 18°C at the top),
while pressure and salinity remain equal to reservoir conditions, the fluid density would
increase by 14 kg/m’, from 1022 kg/m’ at the bottom to 1036 kg/m” at the top of the
wellbore. In contrast, if only pressure would vary from 15.28 MPa to 1 MPa, with
temperature and salinity equal to reservoir conditions, the fluid density would decrease

by 6 kg/m®, from 1022 kg/m” at the bottom to 1016 kg/m’ at the top of the wellbore.

We may now execute the integral of Equation (3.1) and determine the threshold pressure
AP, for the different calculation cases. For the low-salinity case, the threshold pressures
calculate to 0.21 MPa (2.1 bar) in the equilibrium calculation and 0.13 MPa (1.3 bar) in
the uniform-density calculation. Pressure increments in the injection formation higher

than these thresholds would push the column of denser brine in the wellbore up to the
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base of the freshwater aquifer and would thereby lead to contamination. Pressure

increments lower than this threshold would give rise to partial penetration of brine into

the wellbore, but would not result in sustained brine flow. A higher brine salinity leads to

larger admissible pressure. For the high-salinity case, we arrive at threshold pressure

values of 0.58 MPa (5.8 bar) in the equilibrium calculation and 0.5 MPa (5.0 bar) in the

uniform-density calculation. A higher initial brine salinity in the injection reservoir

corresponds to a smaller Area of Review size, as the threshold pressure is reached closer

to the injection well. This is an interesting observation given the fact that in the case of

leakage the environmental impact of intrusion of a higher-salinity brine into a freshwater

aquifer is more severe.
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3. Dynamic Simulation of Wellbore Brine Migration

Dynamic simulations of wellbore brine migration are conducted here for the same
example cases as considered in Section 2, involving brine migration up a vertical leaking
wellbore surrounded by an idealized layered sequence of formations. The simulations are
conducted using the multi-phase multi-component software TOUGH2, utilizing its EOS7
option for non-isothermal transport of water and brine (and optional air) mixtures (Pruess
et al., 1999). By running dynamic simulations rather than static calculations, we can
address the following research questions:

1) Are the results from the static solutions supported by the simulation results, the
latter considering the dynamics of the system and making less stringent
assumptions? How accurate are the threshold pressures calculated using the static
solutions? Which one of the static solutions is more accurate compared to the
dynamic model (e.g., will the denser fluid migrating up the wellbore effectively
equilibrate with formation temperature and aquifer pressure)?

2) What are the wellbore flow rates once the threshold pressure is exceeded? What
are the controlling parameters? What is the impact of brine intrusion on the
shallow aquifer?

The focus in this paper is on the comparison between static and dynamic evaluations
(Item 1). We briefly touch on the resulting flow rates as a function of pressure buildup
and other key properties, but plan to present a more thorough discussion of wellbore flow

rates and potential groundwater impacts in a future publication.
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3.1 Model Setup

Similar to the static evaluation example, we consider a system of 1,400 m vertical
separation between a freshwater aquifer and a deep saline storage reservoir connected via
a leaking wellbore of given effective permeability. In contrast to the static model, we now
need to consider not only the wellbore, but also the aquifer, the reservoir, and the
intervening formation(s). We select a thickness of 100 m for the injection reservoir and a
water level of 100 m in the aquifer, here assumed to be unconfined, and furthermore
postulate that the entire intervening strata is comprised of low-permeability shale. The
well, which extends through the vertical length of the model domain, is assumed open
over the 100-m-thick freshwater aquifer and is perforated over the injection reservoir,
while a perfectly functioning casing is assumed between them (i.e., no fluid and diffusive
transport exchange between wellbore and the shale, only heat transfer). A radially-
symmetric vertical mesh was developed with considerable grid refinement near the well
(horizontal direction) and near formation interfaces (vertical direction) (see Figure 3).

The maximum radius of the model domain is 2,000 m.

To evaluate the impact of pressurization related to CO; storage in the brine formation, the
system is subjected to an instantaneous pressure increase along the outer boundary of the
radial-symmetric domain (i.e., at R = 2,000 m), imposed over the thickness of the storage
reservoir and assumed to be constant over the simulation period. The instantaneous
pressure change imposed at the boundary, which represents large-scale pressurization
effects from distant CO; injection, propagates to the well location, causes a slightly

delayed pressurization there, and starts pushing dense brine up the wellbore. Note that the
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pressure response at the well location is almost identical in value to the outer boundary
pressure change, as a relatively permeable storage reservoir is considered. We conduct
simulations for various pressure boundary conditions, ranging from 0.1 MPa to 1.5 MPa
pressure increase. Depending on the magnitude of reservoir pressure increase, and the
vertical density increase in the wellbore compared to the initial state, the perturbed
system either generates sustained brine migration up the well into the shallow aquifer or a
new hydrostatic equilibrium forms, in which the well is only partially invaded by brine

and further migration stops.
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Figure 3: Radial-symmetric model grid for dynamic simulations
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The hydrostatic calculations in Section 2 depend on the vertical distance between the
injection formation and the shallow aquifer, and on the initial versus the final density
profile in the well (which in turn is a function of salinity, temperature, and pressure
variation with depth). The dynamic simulation study conducted here depends on those
same properties, but in addition requires definition of various other model inputs such as
formation and wellbore hydraulic/thermal properties, and initial as well as boundary
conditions. These are summarized in Tables 1 and 2 for the base case simulation. The

main assumptions behind some of these model choices are as follows:

e The leaking wellbore is simulated as an equivalent porous medium with a very
high permeability and a porosity of 1. This porous medium approximation is
convenient in that it allows the efficient numerical solution with a Darcy-type
simulator, but it also reflects the fact that leaking wells are often not completely
open conduits, but are rather partially plugged with degraded cement, or may be
filled with mud or other debris. We account for this range of possible well
conditions by simulating a range of effective wellbore permeability cases. In our
base case simulation, we choose an effective permeability value of 10™* m*

(= 10,000 Darcy) along the vertical extent of the wellbore. For comparison, we
run additional cases with effective permeabilities of 10°¢ mz, 10710 mz, and
and10™'? m?, corresponding to cases with very little to moderate resistance to flow.

e The model domain is initially in hydrostatic equilibrium, which is achieved by
running an initial simulation—with closed bottom and lateral boundaries—to

steady state. Similar to the static example, temperature and salinity vary linearly
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with depth, both in the formation and in the wellbore. As pointed out in Nicot et
al. (2008), intervening shale layers often have a higher salinity than adjacent sand
layers because of differences in groundwater recharge. This effect is not
considered in the current simulations, in part to simplify the problem but also in
consideration of its limited importance in a setting where the wellbore and the
adjacent shale have no interaction except for heat transport.

The top and bottom boundary conditions in Table 2 represent the top of the
aquifer and the bottom of the reservoir, respectively. Boundary condition values
for pressure, temperature, and salinity are chosen such that the initial values at the
top and bottom of the wellbore are identical to the values selected for the static
calculations in Section 3. For example, the top and bottom boundary condition
temperatures of 15°C and 63°C selected for the simulation domain give initial
temperatures of 18°C and 60°C at the top and bottom of the wellbore,
respectively, equal to the static calculation. Salinity values of 0 mg/L at the top
and 51,200 mg/L at the bottom of the model domain correspond to the static
calculation low-salinity case with 3,200 mg/L at the top of the wellbore and

48,000 mg/L at the bottom of the wellbore.
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Table 1: Base Case Properties of Simulation Cases

Parameter | Unit | Value | Comment

All rock units

Porosity - 0.3

Thermal W/(m-K) |2.51

Conductivity

Heat Capacity J/(kg-K) 1,000

Molecular Diffusion | m’/s 107 No molecular diffusion for wellbore
connection with shale

Formation Pa’ 0 Formation compressibility is not

Compressibility considered in this simple model.”

Injection Formation

Permeability | m® | 107" | Isotropic

Shale Formation

Permeability | m’ [ 107" | Isotropic

Shallow Aquifer

Permeability | m’ | 1077 | Isotropic

Wellbore

Vertical Permeability | m’ 10°

Lateral Permeability | m® 107" For wellbore connection with shallow
aquifer and injection formation

Lateral Permeability | m* 0 For wellbore connection with shale

Porosity - 1.0

Thermal W/(m-K) | 2.51 For wellbore connection with adjacent

Conductivity formations

Wellbore Cross- m’ 0.1 Assuming a 4-inch wellbore diameter

Sectional Area

" Note however that brine compressibility is intrinsically taken into account in TOUGH?2 in terms of
density variation with fluid pressure. At reservoir conditions, brine compressibility is about 3.5 x 107'°
Pa™', which is on the lower end of the range of pore compressibility values reported for well-consolidated
sandstones (e.g., Zhou et al., 2010).
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Table 2: Model Initial and Boundary Conditions (Base Case)

Boundary Conditions

Top of Shallow Aquifer

Fixed Pressure: P = atmospheric (unconfined aquifer)
Fixed Temperature: T = 15°C
Fixed Salinity: S = 0 mg/L

Bottom of Injection
Formation

Closed boundary for fluid and dissolved salt
Fixed Temperature: T = 63°C
Fixed Salinity:
Low-Salinity Case with S = 51,000 mg/L
High-Salinity Case with S = 135,000 mg/L

Top and Bottom of Well

Closed boundary for fluid, mass, and heat (i.e., wellbore is
assumed to be plugged above shallow aquifer and below
injection formation)

Lateral Boundary at
R =2,000 m

Fixed pressure, temperature, and salinity equal to initial
condition (except within injection formation, where initial
pressures are increased to represent pressure pulse from
storage)

Initial Conditions

Temperature

Thermally stratified system with geothermal gradient of
30°C/km

Salinity

Compositionally stratified system with linear variation of
salinity from top of shallow aquifer (0 mg/L) to bottom of
brine formation

Pressure

Hydrostatic equilibrium calculated from running
simulation model to steady state (i.e., considering
temperature, salinity, and density effects on pressure)

Fluid Density

Depends on initial temperature, salinity, and pressure
distribution
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3.2 Simulation Results

3.2.1 Threshold Pressure and Flow Rates

The pressure increase imposed at the outer boundary of the model domain propagates to
the wellbore location and induces brine invasion up the permeable conduit. To evaluate
the threshold pressure above which sustained brine flow into the freshwater aquifer
occurs, we have conducted a suite of simulations with different pressure increases
ranging from 0.1 MPa to 1.5 MPa. Figure 4 shows the evolution of flow rates and
salinities measured in the open wellbore at the bottom of the shallow freshwater aquifer,
for the low-salinity case. Small pressure increases of 0.1 MPa and 0.2 MPa generate a
short-term pulse of flow up the well, during which initial well fluids are partially
displaced by invading brine. However, as evident from the salinity evolution where the
maximum values are much lower than the reservoir salinity, upward migration of
reservoir brine stops before reaching the bottom of the shallow aquifer. As the pressure
increase is balanced by the increased fluid density in the wellbore, the system attains a
new equilibrium and no further flow occurs in the wellbore. The time needed to attain
equilibrium depends mostly on the time it takes for the imposed pressure boundary
condition to reach the wellbore location. The only fluid leaving the wellbore and entering
the freshwater aquifer is the volume of displaced water initially in the well; this volume is

small (less than 140 m®) and presumably will minimally impact water quality.

In contrast, sustained flow of brine is observed in cases with reservoir pressure increases

of 0.3 MPa or more. It appears that the threshold pressure for sustained flow is

somewhere between 0.2 and 0.3 MPa in this simulation example. (The static calculation
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arrived at threshold pressure of 0.21 and 0.13 MPa for the equilibrium and uniform-
density assumptions, respectively.) For cases where the threshold value is exceeded only
slightly by the reservoir pressure increase, the flow rates feature an early peak followed
by a decrease to a constant long-term rate (Figure 4a). The timing of the decrease
coincides with higher-salinity water migrating up the wellbore (Figure 4b); the quasi-
static long-term rate establishes once the reservoir brine has fully invaded the wellbore.
Long-term flow rates range from about 6 x 10~ kg/s (137 gallon per day) for the 3-bar

case to about 0.11 kg/s (2,510 gallon per day) for the 15-bar case.

The 10-bar and 15-bar cases show slowly, but steadily increasing flow rates with time
(Figure 4a). This long-term behavior is caused by a gradual increase in the formation
temperature near the wellbore as warm brine continues to migrate from depth. The
formation temperature increase, in turn, results in less efficient cooling of the migrating
fluid, therefore lower fluid density and less column weight, thus less resistance to flow.
In all other cases, with less pressure buildup in the reservoir and thus less warm brine
migrating upward, the formation temperature increase is too small to have a noticeable

effect on the flow rates.
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In order to establish an estimate of threshold pressure from the dynamic results, we have
plotted the quasi-static long-term flow rates as a function of pressure change, for a variety
of pressure buildup cases (Figure 5). The flow-rate versus pressure-increase curve
suggests that the maximum pressure increase with zero sustained flow is about 0.21 MPa
for the low-salinity case and about 0.57 Mpa for the high-salinity case. These threshold
values correspond to the static calculation assuming equilibrium of the invading brine
with its surroundings, suggesting that this assumption is more realistic than the uniform-

density calculation.
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Figure 5: Long-term flow rate as a function of pressure increase in the reservoir.
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3.2.2 Comparison of Static and Dynamic Solutions

The density, temperature and pressure profiles in Figure 6 demonstrate that the static
model with equilibrium assumption provides a reasonable representation of the wellbore
conditions as simulated by the dynamic model. Results from the dynamic model for a
pressure increase of 0.5 MPa (where the brine fully invades up the wellbore and sustained
flow occurs) compare well with the equilibrium assumption, i.e., the pressure profile is
approximately linear, defined by the respective pressure conditions in the freshwater
aquifer and the brine reservoir. Also, the temperature profile is similar to the initial
temperature distribution in the formation, with non-zero but negligible temperature
increase compared to the natural geothermal gradient. Consequently, the density profiles
from the static equilibrium calculation and from the dynamic simulation both show
increasing brine density from deep to shallow, a behavior clearly different from the static
uniform-density case. We may conclude that the equilibrium calculation is the more
accurate static methodology for deriving threshold pressure compared to the uniform-
density calculation. The threshold values obtained from the uniform-density method are
less precise, but easier to derive (i.e., no depth-dependent changes in brine salinity) and

conservative compared to equilibrium values (i.e., the threshold values are smaller).
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3.2.3 Sensitivity to Wellbore Permeability

Effective permeabilities of a leaking wellbore may vary over a wide range depending on
the well condition (e.g., unplugged, plugs made of poor or degraded cement, mud-filled
or debris-filled wells, etc.). In order to understand how this variation may affect threshold
pressure and flow rates, we have simulated additional sensitivity cases with effective
wellbore permeabilities of 10° m?, 10 m?, and 107> m?. Figure 7(a) shows brine flow
rate as a function of time for the base case permeability (10 m?) as well as the three
additional permeabilities. Results are shown for two different cases of reservoir pressure
increase (0.5 MPa and 0.2 MPa), one above and one below the threshold pressure

identified in Section 3.2.1.

First we note that the transient behavior of wellbore flow as well as the flow magnitude
vary strongly as a function of permeability. For the 0.5-MPa case, the long-term flow
rates are about 3.6 kg/s (82,000 gallon per day), 2.2 x 107 kg/s (500 gallon per day), 2.2
x 107 kg/s (5 gallon/day), and 2.2 x 10 kg/s (0.05 gallon/day), respectively, for
wellbore permeabilities of 10° m* 10® m% 10"° m% and 10™"* m”. (That the permeability
increase from 10™® m” to 10" m? results in a flow rate increase by more than two orders of
magnitude is a result of strong temperature changes in the wellbore fluids, as discussed in
the next paragraph.) Despite these differences, the question whether sustainable flow
occurs or not for a given pressure and salinity scenario is independent of wellbore
permeability. All 0.5-MPa cases result in sustained flow over the entire simulation
period, whereas all 0.2-MPa cases show temporary brine migration up the well that

ceases when a new equilibrium has been reached.

27





3.2.4 Temperature Effects

We have briefly speculated in Section 3.2.1 that a large wellbore flow rate sustained over
a long time period may lead to a non-negligible temperature increase in the adjacent shale
formation, a result of the heat transported with the hot brine. Depending on its magnitude,
such temperature increase might jeopardize the validity of the equilibrium assumption in
the static calculations. In order to check this temperature dependence, we have plotted in
Figure 7(b) the temperature evolution at the bottom of the aquifer for the four
permeability cases and the two pressure-increase scenarios. Only one case—featuring the
highest wellbore permeability in combination with a 0.5-MPa pressure buildup—shows a
strong temperature increase with time. Thus, temperature effects appear to be relevant
only if high flow rates are sustained over a long period (i.e., if the threshold pressure is
exceeded). In contrast, temperature is not or only temporarily affected as long as the
reservoir pressure is below the threshold pressure, no matter what the wellbore
permeability is. In other words, the threshold calculation using the static model with
equilibrium assumption is generally accurate, for all cases of wellbore permeability. If,
however, the threshold value is exceeded and long-term flow is sustained, the wellbore
permeability will strongly affect the resulting flow rates up the well and will also define
the rate at which the surrounding formation heats up in response to its contact with hot

brine.
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Figure 7: Evolution of (a) flow rate and (b) temperature in wellbore at the bottom of the
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4, Dynamic Evaluation of Brine Migration Outside of Casing

Our previous simulations assume the potential for brine leakage within a well screened
both in the freshwater aquifer and the injection reservoir. An arguably less conservative
leakage scenario is that of brine flow through a vertical pathway outside of the well
casing, for example through a small fracture zone that may have formed in the formation
near the well as a result of drilling (Figure 8). In this case, the effective permeability of
the vertical pathway is likely smaller, and the migrating brine may effectively interact
with the formation, allowing for fluid and diffusive transport exchange in addition to heat
transfer. The question arises whether such lateral exchange will affect the applicability of
the static solutions for threshold pressure. We address this question conducting additional
dynamic simulations for the scenario depicted in Figure 8. The following modeling

assumptions are made:

e Brine flow occurs outside of the wellbore, in a vertical fracture zone.

e For better comparison with the leaking wellbore scenario, the cross-sectional area
for flow within the fracture zone is equal to the cross-sectional area of the
wellbore.

e The fracture zone is represented as a high-permeability feature. Three different
cases are simulated with effective vertical permeability values of 10®* m* 107" m?

and 10" m?, respectively. Again for better comparison, these values are chosen to

be identical to three of the leaking wellbore scenarios discussed in Section 3.2.3.

However, the higher permeability values of 10® m” and 107" m* are deemed less

realistic (too high) for a fracture zone.
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e The vertical fracture zone is hydraulically connected to the adjacent formation,
with horizontal permeability at the interface equal to formation permeability (i.e.,
102 m? for the injection reservoir and the shallow aquifer, and 10™® m? for the
intervening shale). Diffusive and heat exchange also occur.

e The strata between the freshwater aquifer and the deep injection formation are
entirely comprised of low-permeability shale. In other words, there is no
intermediate aquifer which could function as a thief zone for upward migration of
brine. Thief zones could significantly increase attenuation of brine (e.g.,
Nordbotten et al., 2004).

e The wellbore itself has no function in this simulation (i.e., assuming intact casing
or properly functioning plugs).

e Unless otherwise noted, all model properties and boundary/initial conditions are
identical to the base case simulations with open wellbore flow. Simulation results

presented are for the low salinity case.

There are many other potential leakage scenarios associated with wells that are not
considered here, such as vertical flow between the well casing and the well cement or
vertical flow through degraded well cement (e.g., Gasda et al., 2004; Nordbotten et
al., 2005). Selection of these scenarios affects the potential for and magnitude of
lateral exchange with the formation. For example, if brine leakage would occur
between casing and cement, the lateral exchange with the formation would be limited

by the permeability of the cement.
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Figure 8: Schematic showing upward brine migration in fracture zone between well
cement and the formation
Figures 9 and 10 show the resulting flow rates and salinity levels in the vertical fracture
zone at the bottom of the freshwater aquifer, for pressure increases of 0.5 MPa and 0.2
MPa, respectively. As a reminder, we have established in Sections 2 and 3 that a pressure
increase of 0.5 MPa is above the threshold value for sustained brine flow, while a
pressure increase of 0.2 MPa is below the threshold value. We compare the three cases
with fracture zone permeabilities of 108 m?, 10" m%, and 1072 m?, and for each case, we
simulate brine migration with and without lateral fluid and mass exchange. The
permeability cases without fluid and mass exchange are identical to the open wellbore

cases studied in Section 3.2.
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As seen in the earlier results, the permeability of the leakage pathway has a strong impact
on the long-term brine migration rate in the case where sustained brine flow occurs
(Figure 9a). Less expectedly, the lateral flow and diffusive transport between the fracture
zone and the shale formation can have an equally strong impact. At least for the case with
an effective fracture zone permeability of 10™? m?, the fluid exchange with the formation
results in reduced and strongly delayed brine migration up the vertical pathway. The
importance of lateral brine losses into the shale, despite very low shale permeability
compared to the fracture zone permeability, is a result of the much larger cross-sectional
area for lateral versus vertical flow and the relatively steep pressure gradients between

the fracture zone and the formation.

The impact of lateral fluid and mass exchange on salinity values is even stronger, as
diffusive exchange adds to advective transfer of dissolved solids between fracture zone
and shale formation. We can see in Figure 9(b) that salinity increases show no delay in
the 10™-m? case, are significantly retarded in the 10™'°-m? case, and end up to be zero in
the 10"%-m? case, even after a long simulation period of several hundred years. (Note:
The period of increased pressure is likely not much longer than 50 to 100 years in typical
geologic carbon sequestration projects.) It is obviously important to account for the
interaction between the vertical pathway and the formation when evaluating the evolution
and magnitude of brine migration from deep to shallow formations. The fluid and mass
exchange with the surrounding formation can strongly reduce flow rates and salinity

values, even if the intermediate strata in contact with the migrating brine are low-
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permeability shale. This mitigating effect would be stronger if a higher-permeability thief

zone existed between the injection formation and the aquifer.

An interesting behavior is observed in Figure 10 for the 0.2-MPa pressure buildup. All
cases without lateral fluid and mass transfer between the fracture zone and the shale
formation show temporary migration of brine up the vertical pathway, but long-term
sustained flow is not observed because the pressure increase of 0.2 MPa is below the
critical pressure. This behavior changes when the fracture zone interacts with its
surroundings. Advective and diffusive transport from the migrating brine into the shale
formation reduces the brine salinity and density in the vertical pathway. As a result, the
threshold pressure is lower, to the extent that the pressure buildup of 0.2 MPa in the
injection formation is now sufficient to lift the heavier fluid column and to induce
sustained flow, albeit at a small magnitude. Static models for calculations of threshold
pressure can thus not be applied to leakage scenarios where lateral exchange of fluid and

mass between the vertical pathway and the formation is relevant.
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Evolution of (a) flow rate and (b) salinity in fracture zone between well
cement and formation at the bottom of the freshwater aquifer, for the low-
salinity case. High, medium, and low permeability refer to permeability
values of 10® m?, 10"° m%, and 10> m*. The pressure increase in the
injection reservoir is 0.5 MPa. The solid and dashed blue lines for flow rate
in the high-permeability case are on top of each other.
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Figure 10: Evolution of (a) flow rate and (b) salinity in fracture zone between well

cement and formation at the bottom of the freshwater aquifer, for the low-
salinity case. High, medium, and low permeability refer to permeability
values of 10® m?, 10"° m%, and 10> m*. The pressure increase in the
injection reservoir is 0.2 MPa.
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6. Summary and Conclusions

We have conducted non-isothermal brine flow simulations to evaluate the potential
environmental impact of large-scale pressure increases expected from CO; injection into
deep saline reservoirs. If permeable conduits such as leaking wellbores connect the zone
of elevated pressure with a shallow freshwater aquifer, the formation brines could be
pushed upwards along these conduits and mix with overlying groundwater resources. Our
simulation model is comprised of a vertical wellbore surrounded by an idealized layered
sequence of formations, with, from top to bottom, a freshwater aquifer, a shale formation,
and a deep saline reservoir. The system is initially at hydrostatic equilibrium; temperature
and salinity increase linearly with depth. An instantaneous step-change in pressure is
imposed in the saline reservoir at the boundary of the model domain, representing effects
from distant CO, injection, and the resulting potential for brine leakage is evaluated. Two
conceptual models of wellbore flow are considered. The first model assumes that there is
no exchange of fluid and/or salt between the leakage pathway and the adjacent shale
(e.g., representing brine migration within the wellbore, and assuming impermeable

casing). Main conclusions from this conceptual model are summarized below:

e The pressure rise in the injection reservoir drives dense water up the wellbore.
Our dynamic simulations confirm, however, that such a pressure increase does not
necessarily lead to sustained flow, since the brine being pushed upward has a
higher density than the wellbore fluid it displaces. Sustained flow only occurs if
the pressure rise is large enough to overcome the increased fluid column weight

after full invasion of brine into the well up to the bottom of the freshwater aquifer.
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By conducting dynamic simulations for a range of pressure and salinity
conditions, we have determined the critical threshold pressure that needs to be
exceeded for sustained flow of dense brine up a well into a shallow freshwater
aquifer.

The dynamic simulations compare well with the static calculation method for
threshold pressure developed by Nicot et al. (2008), who considered two
bounding cases for the vertical density profile in the wellbore after brine
intrusion: (1) an equilibrium case, in which brine density varies as a function of
depth, under the assumption that the invading fluid instantaneously equilibrates
thermally and hydraulically with its surroundings; and (2) a uniform-density case,
in which density variation within the wellbore is neglected. Our dynamic models
suggest that the static calculation combined with an equilibrium assumption
provides an accurate estimate for threshold pressure. The threshold values
obtained from the uniform-density assumption are less accurate, but easier to
calculate and conservative compared to equilibrium values.

The threshold pressure is independent of the hydraulic properties of wellbore and
geologic formations. Once the threshold pressure is exceeded, however, the
resulting brine flow is strongly dependent on hydraulic (and other) properties, in
particular the effective permeability of the wellbore and the magnitude of pressure
increase. The brine flow rate up the well is less than the comparable flow rate for

a case without density stratification.
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The second conceptual model considered in this paper is that of brine flow through a

vertical pathway outside of the cased well, for example in fractures or cracks that may

form a permeable zone between the well cement and the formation. In this case the

migrating brine slowly interacts with the adjacent low-permeability shale. Findings

related to this conceptual model are as follows:

The fluid and mass exchange with the surrounding formation can strongly reduce
the brine flow rate up the leakage pathway into the shallow aquifer, even if the
intermediate strata in contact with the migrating fluid comprise a low-
permeability medium such as a shale formation. The reduced brine flow rate
correlates with an even more reduced salinity of the migrating brine, as diffusive
exchange with the shale formation adds to advective transfer of dissolved solids.
These mitigating effects would be exacerbated if a higher-permeability thief zone
existed somewhere between the deep reservoir and the shallow aquifer.

The static calculation methods for threshold pressure after Nicot et al. (2008) may
not be adequate for well flow scenarios where lateral exchange of fluid and mass
with the formation is relevant. Such lateral exchange reduces the brine salinity
and, consequently, the weight of the fluid column in the conduit, thereby reducing
the formation pressure buildup necessary to induce sustained flow. In cases where
the static calculations are not adequate, the threshold pressure evaluation can be
conducted with a dynamic model that accounts for the transfer of fluid and

dissolved solids with the surrounding formation.
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The focus in this paper is mostly on the determination of threshold pressure for sustained
brine flow, to understand controlling parameters and to evaluate the applicability of
simple static calculation methods. In future work, we will conduct a thorough evaluation
of the resulting brine flow rates for a wider range of conditions, including additional
scenarios such as considering an intermediate-level thief zone or assuming a finite time
for pressure increase in the saline reservoir. We furthermore plan to compare our
simplified simulation model for flow in an open wellbore (i.e., Darcy flow in a high-
permeability feature) with an improved Navier-Stokes wellbore model (e.g., Pan et al.,

2008).
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Please see Section 2.1.6. of the AoR and Corrective Action Plan uploaded to the CBI folder for more
information on boundary conditions.






Please see attachment named “LACCS_Tabulation Of Corrective Action Wells In AOR.xlIsx” uploaded to
the CBI folder.






Domain Coordinate TEMPLATE

				CLASS VI AOR DOMAIN COORDINATES



				Instructions:
Please complete the applicable highlighted fields  below and submit the updated version of the file via the GSDT. Provide the domain coordinates of your model domain based on one of the following examples (or in another appropriate format based on your mesh type) to define the area used in your model. 











				Project Name:		LA CCS



				Date:		10-Nov-22



				Example 1 - Hexahedral Cartesian Mesh 

				If a hexahedral Cartesian mesh type is selected, it is recommended that you provide the x,y,z coordinates for each corner of the domain as shown below.



				Node		X-coordinate		Y- coordinate		Z-coordinate
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				(Nx,Ny,Nz)		XXX		XXX		XXX





				Example 2 - Hexahedral Cylindrical Mesh

				If a hexahedral cylindrical mesh type is selected, it is recommended that you provide the x,y,z coordinates for each corner of the domain as shown below.



				Theta (q):



				Node		z-coordinate		r-coordinate
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Please see AoR and Corrective Action Plan Section 2.1.4. uploaded to the CBI folder for more
information on the rock type selection and assignment.






Please see AoR and Corrective Action Plan Section 2.1.3.2. uploaded to the CBI folder for more
information on how the permeability was determined and assigned.






Please see AoR and Corrective Action Plan Section 2.1.3.2. uploaded to the CBI folder for more
information on how the porosity was determined and assigned.






Please see Section 2.2 in the AoR and Corrective Action Plan Uploaded to the CBI Folder for flux data.






Please see Section 2.1.10. of the AoR and Corrective Action Plan uploaded to the CBI folder for more
information on Fracture pressure and how maximum injection pressure was determined.






Please see the AoR and Corrective Action Plan section 2.1.1.1. and the associated tables and figures
listed below. The plan is uploaded to the CBI folder.

Figures:
o 2-2
o 23
o 2-14
Table:
o 2-2
e 2-3

e 24






See grid file description






Please see Table 2-8 in Section 2.1.4 of the AoR and Corrective Action Plan uploaded to the CBI folder for
more information on the rock type distribution.
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Figure 1: Aerial View of Model Domain in Layer 8 (top of injection zone).
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Figure 2: 1-K Cross-section view corresponding to west (left) to east (right) at the injection
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R

1 DIM-FINAL LOCATION-1.2MMTPA-FULL BORE COMP [
-1 Grid Fundamental Layer Number 2026-Jan-01 | Plane: 28 of 74 —

2.0~ [
I—cu‘uu [

—50.00

—40.00

Iauua i

—20.00

IWDCICI
1.00-

Actual Scale: 1:.0
Z/Y:8.0:1 ¢

Aods Units: f [
Total Blocks: 352,944 ©
Active Blocks: 324,936

5

11380000 11420000 11460000
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Please see AoR and Corrective Action Plan Section 2.1.3.2. (Figures 2-7 through Figure 2-10) uploaded to
the CBI folder for image files of permeability distributions.






Please see AoR and Corrective Action Plan Section 2.1.3.2. (Figures 2-7 through Figure 2-10) uploaded to
the CBI folder for image files of porosity distributions.






7/1/22, 10:50 AM Introduction to GEM

Introduction to GEM

Introduction

In enhanced recovery schemes involving gas or solvent injection, the process may be immiscible or miscible
depending on the composition of the injected fluid and the reservoir oil, and on the reservoir pressure and
temperature. Examples of such processes are enriched gas drive, high pressure gas drive, CO, flooding, and
the cycling of a gas condensate reservoir. The simulation of these processes requires special handling of both
the thermodynamic and the fluid flow aspects of the reservoir.

GEM is an efficient, multidimensional, equation-of- state (EOS) compositional simulator which can simulate
all the important mechanisms of a miscible gas injection process, i.e. vaporization and swelling of oil,
condensation of gas, viscosity and interfacial tension reduction, and the formation of a miscible solvent bank
through multiple contacts.

Some of the additional features of GEM are listed in the following.
Adaptive Implicit Formulation

GEM can be run in explicit, fully implicit and adaptive implicit modes. In many cases, only a small number of
grid blocks need to be solved fully implicitly; most blocks can be solved explicitly. The adaptive implicit
option selects a block's implicitness dynamically during the computation and is useful for coning problems
where high flow rates occur near the wellbore, or in stratified reservoirs with very thin layers. Several options
are provided for selecting implicit treatment.

Properties

GEM utilizes either the Peng-Robinson or the Soave- Redlich-Kwong equation of state to predict the phase
equilibrium compositions and densities of the oil and gas phases, and supports various schemes for
computing related properties such as oil and gas viscosities.

The quasi-Newton successive substitution method, QNSS, as developed at CMG, is used to solve the
nonlinear equations associated with the flash calculations. A robust stability test based on a Gibbs energy
analysis is used to detect single phase situations. GEM can align the flash equations with the reservoir flow
equations to obtain an efficient solution of the equations at each timestep.

CMG's WinProp equation of state software can be used to prepare EOS data for GEM.
Complex Reservoirs

GEM uses CMG's Grid Module for interpreting the Reservoir definition keywords used to describe a complex
reservoir. Grids can be of Variable Thickness - Variable Depth type, or be of corner-point type, either with or
without user-controlled Faulting. Other types of grids, such as Cartesian and Cylindrical, are supported as
well as locally Refined Grids of both Cartesian and Hybrid type. Note that Hybrid refined grids are of a locally
cylindrical or elliptical nature that may prove useful for near-well computations.

Regional definitions for rock-fluid types, initialization parameters, EOS parameter types, sector reporting,
aquifers, .. are available. Initial reservoir conditions can be established with given gas-oil and oil-water
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contact depths. Given proper data (such as from WinProp), fluid composition can be initialized such that it
varies with depth. A linear reservoir temperature gradient may also be specified.

Aquifers are modelled by either adding boundary cells which contain only water or by the use of the
analytical aquifer model proposed by Carter and Tracy.

Dual porosity modelling can be done with GEM. Each cell is assigned separate matrix and fracture pore
spaces. Shape factors describing flow between porosities are implemented based on the work of Gilman and
Kazemi. Additional transfer enhancements are available to account for fluid placement in the fractures. The

GEM user can also specify a dual permeability model which allows fluid flow between adjacent matrix blocks.

This option is useful when matrix-matrix mass transfer processes are important, such as in situations
dominated by gas-oil gravity drainage processes.

Geomechanical Model

Several production practices depend critically on the fact that the producing formation responds
dynamically to changes in applied stresses. These include plastic deformation, shear dilatancy, and
compaction drive in cyclic injection/production strategies, injection induced fracturing, as well as near-well
formation failure and sand co-production. A geomechanical model consisting of three submodules is
available for treating aspects of the above problems. The coupling between the geomechanical model and
the simulator is done in a modular and explicit fashion. This increases the flexibility and portability of the
model, and decreases computational costs.

Wells

Bottomhole pressure and the block variables for the blocks where wells are completed are solved fully
implicitly. If a well is completed in more than one layer, its bottomhole pressure is solved in a fully coupled
manner; i.e,, all completions are accounted for. This eliminates convergence problems for wells with multiple
completions in highly stratified reservoirs.

A comprehensive well control facility is available. An extensive list of constraints (maximum/minimum
bottomhole or wellhead pressures, rates, WCUTs, GORs, ..) can be entered. As constraints are violated, new
constraints can be selected according to the user's specifications. Various actions and apportionments are
available.

Up to three hydrocarbon streams can be controlled on the surface: Qil, Intermediate Liquid and Gas. Various
types of surface separation facilities can be used to generate these streams, including the modelling of EOS
and plant separator stages, where the latter are described using key-component tables.

The gas cycling option in GEM allows for the preferential stripping of components and the addition of a
make-up gas stream to the recycling gas stream.

Matrix Solution Method

GEM uses AIMSOL, which is a state-of-the-art linear solution routine based on incomplete Gaussian
Elimination as a preconditioning step to a GMRES iteration. AIMSOL has been developed especially for
adaptive implicit Jacobian matrices.

For almost all applications, the default control values selected by GEM will enable AIMSOL to perform
efficiently. Thus, GEM users do not require detailed knowledge of the matrix solution methods.
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GEM uses run-time dimensioning as well to make the most efficient use of computer resources.
Simulation Results Files

Various types of Simulation Results Files can be written while GEM is running, including files for CMG's
Results. Results is CMG's visualization software that can be used to examine 2-D and 3-D reservoir displays,
as well as XY plots of important dynamic data.

Portability

GEM has been run on many computers from many manufacturers, such as IBM, SGI, and SUN, as well as PCs.
Currently supported chips and operating systems are given in the Installation Guide.
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API_NUM WELL_NAME WELL_NUM | SURFACE_LA | SURFACE_LO | MEASURED_D FIELD_NAME UPPER_PERF LOWER_PERF






HYPERLINK

LEGEND_DES

http://sonlite.dnr.state.la.us/sundown/cart_prod/cart_con_wellinfo2?p_WSN=97340

PLUGGED AND ABANDONED NO PRODUCT SPECIFIED

http://sonlite.dnr.state.la.us/sundown/cart_prod/cart_con_wellinfo2?p_WSN=104939

DRY AND PLUGGED NO PRODUCT SPECIFIED

http://sonlite.dnr.state.la.us/sundown/cart_prod/cart_con_wellinfo2?p_WSN=114763

PLUGGED AND ABANDONED NO PRODUCT SPECIFIED

http://sonlite.dnr.state.la.us/sundown/cart_prod/cart_con_wellinfo2?p_WSN=114626

PLUGGED AND ABANDONED NO PRODUCT SPECIFIED

http://sonlite.dnr.state.la.us/sundown/cart_prod/cart_con_wellinfo2?p_WSN=970758

PLUGGED AND ABANDONED NO PRODUCT SPECIFIED

http://sonlite.dnr.state.la.us/sundown/cart_prod/cart_con_wellinfo2?p_WSN=970546

PLUGGED AND ABANDONED NO PRODUCT SPECIFIED

http://sonlite.dnr.state.la.us/sundown/cart_prod/cart_con_wellinfo2?p_WSN=975687

PERMIT EXPIRED

http://sonlite.dnr.state.la.us/sundown/cart_prod/cart_con_wellinfo2?p_WSN=148950

PLUGGED AND ABANDONED NO PRODUCT SPECIFIED

http://sonlite.dnr.state.la.us/sundown/cart_prod/cart_con_wellinfo2?p_WSN=970542
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A New Two-Constant Equation of State

Ding-Yu Peng and Donald B. Robinson*

Department of Chemical Engineering, University of Alberta, Edmonton, Alberta, Canada

The development of a new two-constant equation of state in which the attractive pressure term of the semiem-
pirical van der Waals equation has been modified is outlined. Examples of the use of the equation for predicting
the vapor pressure and volumetric behavior of singie-component systems, and the phase behavior and volu-
metric behavior of binary, ternary, and multicomponent systems are given. The proposed equation combines
simplicity and accuracy. It performs as well as or better than the Soave-Redlich—-Kwong equation in all cases
tested and shows its greatest advantages in the prediction of liquid phase densities.

Introduction

Ever since the appearance of the van der Waals equation
in 1873 (van der Waals, 1873), many authors have proposed
variations in the semiempirical relationship. One of the
most successful modifications was that made by Redlich
and Kwong (1949). Since that time, numerous modified Re-
dlich-Kwong (RK) equations have been proposed (Redlich
and Dunlop, 1963; Chueh and Prausnitz, 1967; Wilson,
1969; Zudkvitch and Joffe, 1970; and others). Some have
introduced deviation functions to fit pure substance PVT
data while others have improved the equation’s capability
for vapor-liquid equilibrium (VLE) predictions. A review
of some of the modified RK equations has been presented
(Tsonopoulos and Prausnitz, 1969). One of the more recent
modifications of the RK equation is that proposed by
Soave (1972). The Soave-Redlich-Kwong (SRK) equation
has rapidly gained acceptance by the hydrocarbon process-
ing industry because of the relative simplicity of the equa-
tion itself as compared with the more complicated BWRS
equation (Starling and Powers, 1970; Lin et al., 1972) and
because of its capability for generating reasonably accurate
equilibrium ratios in VLE calculations.

However, there still are some shortcomings which the
SRK equation and the original RK equation have in com-
mon. The most evident is the failure to generate satisfacto-
ry density values for the liquid even though the calculated
vapor densities are generally acceptable. This fact is illus-
trated in Figure 1 which shows the comparison of the spe-
cific volumes of n-butane in its saturated states. The litera-
ture values used for the comparison were taken from Star-
ling (1973). It can be seen that the SRK equation always
predicts specific volumes for the liquid which are greater
than the literature values and the deviation increases from
about 7% at reduced temperatures below 0.65 to about 27%
when the critical point is approached. Similar results have
been obtained for other hydrocarbons larger than methane.
For small molecules like nitrogen and methane the devia-
tions are smaller.

Although one cannot expect a two-constant equation of
state to give reliable predictions for all of the thermody-
namic properties, the demand for more accurate predic-
tions of the volumetric behavior of the coexisting phases in
VLE calculations has prompted the present investigation
into the possibility that a new simple equation might exist
which would give better results than the SRK equation. In
this paper, an equation is presented which gives improved
liquid density values as well as accurate vapor pressures
and equilibrium ratios.

Formulation of the Equation

Semiempirical equations of state generally express pres-
sure as the sum of two terms, a repulsion pressure Pr and
an attraction pressure Py as follows

P=Pg+P, )

The equations of van der Waals (1873), Redlich and Kwong
(1949), and Soave (1972) are examples and all have the re-
pulsion pressure expressed by the van der Waals hard
sphere equation, that is

RT
Pr = 2
R=-T0 (2)
The attraction pressure can be expressed as
a
Pp=— (3)
T )

where g(v) is a function of the molar volume v and the con-
stant b which is related to the size of the hard spheres. The
parameter a can be regarded as a measure of the intermo-
lecular attraction force. Applying eq 1 at the critical point
where the first and second derivatives of pressure with re-
spect to volume vanish one can obtain expressions for a
and b at the critical point in terms of the critical proper-
ties. While b is usually treated as temperature indepen-
dent, a is constant only in van der Waals equation. For the
RK equation and the SRK equation, dimensionless scaling
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Figure 1. Comparison of predicted molar volumes for saturated
n-butane.

factors are used to describe the temperature dependence of
the energy parameter.

A study of the semiempirical equations having the form
of eq 1 indicates that by choosing a suitable function for
g(v), the predicted critical compressibility factor can be
made to approach a more realistic value. The applicability
of the equation at very high pressures is affected by the
magnitude of b/v, where v, is the predicted critical volume.
Furthermore, by comparing the original RK equation and
the SRK equation, it is evident that treating the dimen-
sionless scaling factor for the energy parameter as a func-
tion of acentric factor in addition to reduced temperature
has significantly improved the prediction of vapor pres-
sures for pure substances and consequently the equilibrium
ratios for mixtures.

We propose an equation of the form

p= RT_ a(T)
v=>b vw+b)+bv-—-0>b)

Equation 4 can be rewritten as

(4)

Z3—(1-B)Z2+ (A - 3B>=2B)Z — (AB—B2—B% =0
(5)

where

P
A=—
R2T?
i
RT
ic)
RT
Equation 5 yields one or three roots depending upon the
number of phases in the system. In the two-phase region,
the largest root is for the compressibility factor of the
vapor while the smallest positive root corresponds to that

of the liquid.
Applying eq 4 at the critical point we have

(6)
B (7

(8)

R2T 2

al(T.) = 0.45724 ———— (9
b(T,) = 0.07780 % (10)
Z. = 0.307 (11)
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At temperatures other than the critical, we let
a(T) =a(Te) - (T, w) (12)
b(T) =b(T.) (13)

where a(T,, «) is a dimensionless function of reduced tem-
perature and acentric factor and equals unity at the critical
temperature. Equation 12 was also used by Soave (1972)
for his modified RK equation.

Applying the thermodynamic relationship

1n£=‘ﬁp<;—T—I%>dP (14)

to eq 4, the following expression for the fugacity of a pure
component can be derived

A <Z+2‘414B> (15)

f _Aa
p=Z2=1-In@=B) =5 (7 "0a1s

The functional form of «(T,, w) was determined by using
the literature vapor pressure values (Reamer et al., 1942;
Rossini et al., 1953; Reamer and Sage, 1957; Starling, 1973)
and Newton’s method to search for the values of o to be
used in eq 5 and 15 such that the equilibrium condition

fe=fv (16)

is satisfied along the vapor pressure curve. With a conver-
gence criterion of |f* — f¥] < 10~* kPa about two to four it-
erations were required to obtain a value for « at each tem-
perature.

For all substances examined the relationship between o
and T can be linearized by the following equation

al2=1+ k(1 - T,'7?) (17)

where « is a constant characteristic of each substance. As
shown in Figure 2, these constants have been correlated
against the acentric factors. The resulting equation is

x = 0.37464 + 1.54226w — 0.269920? (18)

It is interesting to note that eq 17 is similar to that ob-
tained by Soave (1972) for the SRK equation although eq
17 is arrived at for each substance using vapor pressure
data from the normal boiling point to the critical point
whereas Soave used only the critical point and the calculat-
ed vapor pressure at T, = 0.7 based on the value of acentric
factor.

The fugacity coefficient of component k in a mixture can
be calculated from the following equation

fe bk A
mL =2z -1)-m@z-B)- X
np-p Z bt T
. oy + .
<221X1alk_b_k> In <Z 2414B> (19)
a b Z —0.414B

The mixture parameters used in eq 5 and 19 are defined by
the mixing rules

a =33 xx;a; (20)
i)
b =73 x:b (21)
where
aj; = (1- éij)a,'luaj”? (22)

In eq 22 §;; is an empirically determined binary interac-
tion coefficient characterizing the binary formed by com-
ponent i and component j. Equation 22 has been used pre-
viously by Zudkevitch and Joffe (1970) for their modified
RK equation in calculating vapor-liquid equilibrium ratios.





Table I. Comparison of Vapor Pressure Predictions

Absolute error, psia

Relative error, %

No. of AAD BIAS RMS AAD BIAS RMS
Sub- data
stance points SRK Eq 4 SRK Eq 4 SRK Eq 4 SRK Eq 4 SRK Eq 4 SRK Eq 4
C, 28 3.08 1.82 2.82 1.72 4.31 2.83 1.44 0.66 0.47 0.38 1.57 0.77
C, 27 1.12 0.58 0.87 —0.58 1.38 0.65 0.70 0.34 —0.10 —0.34 0.95 0.38
C, 31 2.68 1.09 2.66 1.06 3.37 1.47 0.98 0.36 0.87 0.31 1.10 0.42
i-C, 27 1.83 0.54 1.78 0.50 2.33 0.71 1.06 0.32 0.82 0.16 1.18 0.34
n-C, 28 1.45 0.50 1.38 0.03 2.05 0.62 0.75 0.37 0.47 —0.22 0.86 0.42
i-C, 15 0.64 0.95 0.22 —0.95 0.86 1.48 0.46 0.54 0.17 —0.53 0.49 0.60
n-C, 30 1.65 0.69 1.56 0.28 2.26 0.95 0.92 0.568 0.50 —0.29 1.02 0.66
n-C, 29 2.86 1.69 2.81 1.53 3.97 2.65 1.65 0.90 1.31 0.37 1.75 1.06
n-C. 18 2.29 1.34 2.29 1.30 3.24 2.02 1.51 0.79 1.48 0.63 1.88 1.04
n-C, 16 2.61 1.55 2.61 1.564 3.30 2.08 1.99 1.04 1.97 1.02 2.24 1.26
N, 17 0.74 0.38 0.60 —0.10 1.07 0.48 0.56 0.31 0.00 —0.02 0.75 0.37
CO, 30 2.77 1.95 2.73 —0.82 3.87 2.44 0.53 0.62 0.50 —0.49 0.63 0.71
H.,S 30 1.68 1.18 1.57 —0.53 2.52 1.42 0.66 0.96 0.34 0.42 1.00 1.48
T T 1 T T T T T ‘\
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Figure 2. Relationship between characterization constants and ac-
entric factors.

In this study &;;’s were determined using experimental bi-
nary VLE data. The value of §;; obtained for each binary
was the one that gave a minimum deviation in the predict-
ed bubble point pressures. The importance of the interac-
tion coefficient is illustrated in Figure 3 for the binary sys-
tem isobutane-carbon dioxide (Besserer and Robinson,
1973). It can be seen that the use of an interaction coeffi-
cient has greatly improved the predictions.

The enthalpy departure of a fluid which follows eq 4 is
given by

da
T ™% 7+ 2448
~ H* = —D+ 1( ' ) 23
H RTZ =1+ = o= (o) &

This is obtained by substituting eq 4 into the thermody-
namic equation

H—H*=RT(Z—1)+LU[TC—;)U—P] dv (24)

Comparisons

Since two-constant equations of state have their own
purposes we do not compare the equation obtained in this
study with the more complicated BWR (Benedict et al,,
1940) or BWRS equations although in some circumstances
these may give more accurate predictions at the expense of
more computer time and computer storage space. The fol-
lowing comparisons are intended to show that in regions
where engineering calculations are most frequently encoun-
tered better results can usually be obtained with the equa-
tion presented in this study than with the SRK equation.
The symbols AAD, BIAS, and RMS are used to denote re-
spectively the average absolute deviation, the bias, and the

»
o
o

PRESSURE, psia

400

0 02 04 0.6 0.8 10
MOLE FRACTION CARBON DIOXIDE

Figure 3. Pressure-equilibrium phase composition diagram for
isobutane—carbon dioxide system.

root-mean-square deviation

N
<l
AAD =& N (25)
N
> d;
BIAS = l=zlv (26)
N
2. d?
RMS = “EV 7)

where the d; are the errors (either absolute or relative) and
N is the number of data points.

Pure Substances

Vapor Pressures. Both the SRK equation and eq 4 are
designed with a view to reproduce accurately the vapor
pressures of pure nonpolar substances. Nevertheless eq 4
gives better agreement between calculated vapor pressures
and published experimental values. A comparison of the
predictions is presented in Table I for ten paraffins and
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Table II. Comparison of Enthalpy Departure Predictions

No. of

Error, BTU/lb

AAD BIAS RMS
data Temperature Pressure
Substance points Reference range, °F range, psia SRK Eq 4 SRK Eq4 SRK Eq 4
Nitrogen 48 (Mage, 1963) —250~-50 200-2000 0.57 1.13 0.24 —0.58 0.80 1.25
Methane 35 (Jones, 1963) —250~50 250-2000 2.58 1.97 —1.13 —0.78 3.58 2.52
n-Pentane 160 (Lenoir, 1970) 75700 200-1400 1.43 1.18 0.78 0.25 1.82 1.61
n-Octane 70 (Lenoir, 1970) 75~600 200-1400 2.47 2.43 2.18 2.36 3.36 3.16
Cyclohexane 113 (Lenoir, 1971) 300680 200-1400 2.83 2.48 2.16 1.75 3.60 3.26
Table III. Compressibility Factor of the n-Butane~Carbon Dioxide System (Data by Olds et al., 1949)
Mole fraction n-Butane
Temp, Pressure, 0.9 _ 05 01
°F psia SRK Eq 4 Expt SRK Eq 4 Expt SRK Eq4 Expt
100 600 0.170 0.151 0.158 — 0.743 0.722 0.740
1000 0.279 0.248 0.260 0.242 0.215 0.218 —
2000 0.542 0.482 0.510 0.452 0.404 0.418 0.374 0.339 0.325
3000 0.793 0.707 0.753 0.649 0.580 0.610 0.505 0.455 0.454
4000 1.037 0.926 0.989 0.838 0.750 0.794 0.631 0.568 0.580
280 600 0.804 0.782 0.798 0.924 0.908 0.918
1000 0.320 0.289 0.274 0.665 0.638 0.644 0.876 0.852 0.862
2000 0.536 0.482 0.489 0.584 0.545 0.525 0.786 0.750 0.744
3000 0.740 0.665 0.694 0.702 0.645 0.642 0.766 0.722 0.699
4000 0.934 0.840 0.888 0.838 0.765 0.782 0.801 0.749 0.727
460 600 0.830 0.804 0.818 0.928 0.910 0.920 0.976 0.965 0.968
1000 0.730 0.696 0.694 0.889 0.862 0.870 0.964 0.946 0.948
2000 0.690 0.643 0.627 0.843 0.803 0.796 0.947 0.915 0.912
3000 0.808 0.744 0.746 0.871 0.822 0.806 0.949 0.908 0.898
4000 0.950 0.869 0.895 0.942 0.881 0.877 0.969 0.921 0.906
three commonly encountered nonhydrocarbons. It can be Mixtures

seen that the absolute errors are greatly reduced using eq 4
for all substances except isopentane. The slightly larger
overall relative errors shown for carbon dioxide and hydro-
gen sulfide resulted from the higher percentage errors at
the lower pressure regions. The consistently larger devia-
tion shown by eq 4 for isopentane could be due to errors in
the experimental results in the high-temperature region
where differences between the predicted and experimental
values as large as 4 psi (equivalent to 1%) occurred.

Densities. Generally, saturated liquid density values cal-
culated from the SRK equation are lower than literature
values. This is true except for small molecules like nitrogen
and methane at very low temperatures where the predicted
values are slightly higher. Equation 4 predicts saturated
liquid densities which are higher at low temperatures and
lower at high temperatures than the experimental values.
As an example, the prediction for n-butane is presented in
Figure 1. The fact that eq 4 gives a universal critical com-
pressibility factor of 0.307 as compared with SRK’s 0.333
has improved the predictions in the critical region.

The specific volumes of saturated vapors have also been
compared. The results for n-butane are included in Figure
1. It can be seen that both equations yield acceptable
values except that in the critical region better results have
been obtained with eq 4. The improvement is more evident
for large molecules although both equations work well for
small molecules.

Enthalpy Departures. Experimental values of enthalpy
departures for five pure substances have been used to com-
pare with the values calculated from the SRK equation and
from eq 4. The results are presented in Table IL It is fair to
say that both equations generate enthalpy values of about
the same reliability.
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PVT Calculations. In order to illustrate the usefulness
of eq 4 for predicting the volumetric behavior of binary
mixtures in the single phase region, the n-butane—carbon
dioxide system studied by Olds and co-workers (1949) was
selected for comparison. For the SRK equation and eq 4
the interaction coefficients for this binary were 0.135 and
0.130, respectively. The compressibility factors at three
temperatures and five pressures for three compositions are
presented in Table III. The improvement resulting from eq
4 is evident.

VLE Calculations. One of the advantages of using sim-
ple two-constant equations of state is the relative simplici-
ty with which they may be used to perform VLE calcula-
tions. Multi-constant equations of state, for example the
BWRS equation, require the use of iteration procedures to
solve for the densities of the coexisting phases while simple
equations like the SRK equation and eq 4 can be reduced
to cubic equations similar to eq 5 and the roots can be ob-
tained analytically.

Vapor-liquid equilibrium conditions for a number of
paraffin—paraffin binaries were predicted using eq 4. It was
found that the optimum binary interaction coefficients
were negligibly small for components with moderate differ-
ences in molecular size. However, systems involving compo-
nents having relatively large differences in molecular size
required the use of a nontrivial interaction coefficient in
order to get good agreement between predicted and experi-
mental bubble point pressures.

As an example of the use of eq 4 to predict the phase be-
havior of a ternary paraffin hydrocarbon system, the data
of Wichterle and Kobayashi (1972) on the methane-eth-
ane—propane system were compared to predicted values. As
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Figure 4. Comparison of equilibrium ratios for methane-ethane-
propane system at —75°F.

indicated in Figure 4, agreement was excellent. No interac-
tion coefficients were used.

In a previous study (Peng et al., 1974), the binary inter-
action coefficients required for use with the SRK equation
were determined and used to predict the phase and volu-
metric behavior of selected systems used in a study by Yar-
borough (1972). Good agreement was obtained between the
predicted equilibrium ratios and the experimental values.
In this study these systems have been tested using eq 4 and
good results have also been obtained. The equilibrium ra-
tios for a mixture containing only paraffins are shown in
Figure 5. The volumetric behavior of this mixture is pre-
sented in Figure 6. Although both the SRK equation and
eq 4 generate reliable equilibrium ratios, the new equation
predicts much more accurate volumetric behavior. A paper
concerning the binary interaction coefficients required for
use in eq 4 for systems involving nonhydrocarbons is cur-
rently in preparation.

Conclusions

By modifying the attraction pressure term of the semi-
empirical van der Waals equation a new equation of state
has been obtained. This equation can be used to accurately
predict the vapor pressures of pure substances and equilib-
rium ratios of mixtures.

While the new equation offers the same simplicity as the
SRK equation and although both equations predict vapor
densities and enthalpy values with reasonable accuracy,
more accurate liquid density values can be obtained with
the new equation. In regions where engineering calculations
are frequently required the new eguation gives better
agreement between predictions and experimental PVT
data.

Since two-constant equations have their inherent limita-
tions, and the equation obtained in this study is no excep-
tion, the justification for the new equation is the compro-
mise of its simplicity and accuracy.
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Nomenclature

A = constant defined by eq 6
a = attraction parameter

B = constant defined by eq 7
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a = scaling factor defined by eq 12
6 = interaction coefficient

x = characteristic constant in eq 17
w = acentric factor

Superscripts

L = liquid phase
V = vapor phase
* = ideal gas state

Subscripts

A = attraction

¢ = critical property

R = repulsion

r = reduced property

i,J, B = component identifications
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Creation and Survival of Secondary Crystal Nuclei. The Potassium

Sulfate—Water System

Alan D. Randolph* and Subhas K. Sikdar

Department of Chemical Engineering, University of Arizona, Tucson, Arizona 85721

Formation of secondary nuclei of K.SO, was observed in a continuous flow, mixed-magma crystallizer by
counting particles in the crystal effluent with a Coulter Counter. Spontaneous birth of secondary nuclei occurs
over at least the 1-5 um size range. Only a fraction of originally formed nuclei survive to populate the larger
size ranges. The fraction of such surviving nuclei increases with the supersaturation level in the growing envi-
ronment. The number of originally formed nuclei depends on stirrer RPM, supersaturation, and the fourth mo-

ment of the parent crystal size distribution.

Introduction

In the past several years there has been an increasing
recognition of the importance of secondary nucleation as
grain source in typical crystallizers of the mixed-magma
type. The so-called MSMPR crystallizer with its simple
distribution form (Randolph and Larson, 1971) provided a
means of quantitatively measuring the effective nucleation
rate under realistic mixed-magma conditions. This led to
the correlation of such nucleation data in simple power-law
forms of the type

BO = kn(T, RPM)M /st (Class I System) (la)

or

B = kn(T, RPM)M1/G' (Class II System)  (1b)
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The dependence of these kinetics on agitation level and sol-
ids concentration together with a low-order supersatura-
tion dependence confirm a secondary mechanism which is
at variance with homogeneous nucleation theory.

Clontz and McCabe (1971) conducted a now-classical ex-
periment in which they demonstrated that nuclei could be
generated in a slightly supersaturated solution by low ener-
gy metal/crystal or crystal/crystal contacts. No visible
damage to the contacting crystals could be determined
even after continued secondary nuclei breeding in the ex-
periment. Ottens and de Jong (1973) and Bennett et al.
(1973) take the contact nucleation mechanisms detailed by
McCabe and hueristically derive the form of power-law ki-
netics to be expected in a mixed-magma crystallizer. These
formulations were supported with additional MSMPR
data.






Please see file entry for how permeability was determined and distributed.






See entry for File Describing how porosity was determined and assigned.






Please see The Computational Model Details file uploaded to the CBI folder for more information on
capillary pressure in the model.






Please see Table 2-11 in Section 2.1.4. of the AoR and Corrective Action Plan uploaded to the CBI folder
for more information on the rock type distribution.






Please see Table 9 and 10 in the Computational Model Details uploaded to the CBI folder for more
information on the rock type distribution.






Please see Table 9 and 10 in the Computational Model Details uploaded to the CBI folder for more
information on the rock type distribution.






Please see The Computational Model Details file uploaded to the CBI folder for more information on
capillary pressure in the model.






Please see Table 2-12 in Section 2.1.4. of the AoR and Corrective Action Plan uploaded to the CBI folder
for more information on the rock type distribution.






Please see Table 9 and 10 in the Computational Model Details uploaded to the CBI folder for more
information on the rock type distribution.






Please see Table 9 and 10 in the Computational Model Details uploaded to the CBI folder for more
information on the rock type distribution.






Please see Table 2-8 in Section 2.1.40f the AoR and Corrective Action Plan uploaded to the CBI folder for
more information on the rock type distribution.






Please see Section 2.2 in the AoR and Corrective Action Plan Uploaded to the CBI Folder for snapshot
data.






Please see Section 2.2 in the AoR and Corrective Action Plan Uploaded to the CBI Folder for time-series
data. Figure 2-23 provides model data at the monitoring well location.






Please see attachment named “LA_CCS_well_records_in_AOR.pdf” uploaded to the CBI folder.






Please see attachment named “LACCS_Tabulation Of Wells In AOR.xlIsx” uploaded to the CBI folder.





